Flexible low-pressure sensors ( <10 kPa) are required in areas as diverse as blood-pressure monitoring, human-computer interactions, robotics, and object detection. For applications, it is essential that these sensors combine flexibility, high sensitivity, robustness, and low production costs. Previous works involve surface micro-patterning, electronic amplification (OFET), and hydrogels. However, these solutions are limited as they involve complex processes, large bias voltages, large energy consumption, or are sensitive to evaporation. Here, we report a major advance to solve the challenge of scalable, efficient and robust e-skin. We present an unconventional capacitive sensor based on composite foam materials filled with conductive carbon black particles. Owing to the elastic buckling of the foam pores, the sensitivity exceeds 35 kPa −1 for pressure <0.2 kPa. These performances are one order of magnitude higher than the ones previously reported. These materials are low-cost, easy to prepare, and display high capacitance values, which are easy to measure using low-cost electronics. These materials pave the road for the implementation of e-skin in commercialized applications.
INTRODUCTION
The skin is the largest organ of the human body, allowing humans to explore their environment through touch. The imitation of human skin's sensory ability via electronics (e-skin) is raising great interest due to its potential for applications, including humanrobot interactions, prosthesis arms with lifelike sense of touch, drivers' drowsiness detector, and heart monitoring. [1] [2] [3] [4] Recent piezo-resistive materials that emulate tactile sensing via flexible pressure sensors have been reported. 5 Under pressure, changes in material's electrical resistance are easily achievable by breaking and reforming percolating pathways. Yet, the poor reliability and the high-power consumption of piezo-resistive sensors encourage the scientific community to develop alternatives like piezocapacitive sensors. The most sensitive to pressure piezo-resistive sensors, developed in ref. 6 , consume >0.1 mW/cm². Mannsfeld et al. 7 microstructured a polydimethylsiloxane (PDMS) film to subtly change the permittivity of piezo-capacitive sensors. They reported a sensitivity of 0.55 kPa −1 compared to 0.02 kPa −1 for an unstructured PDMS film. However, PDMS has a low permittivity, leading to low recorded capacitive signals. It makes the use of electronic amplifications, like OFET, essential to detect very small pressure changes. Integration of OFET into real life applications is limited by their need of a huge source drain/gate voltage (200 V) to work. In addition, surface microtexturing can be degraded with time as a result of friction, wear, and soiling. Actually, the conception of sensitive flexible sensors is conditioned by the possibility to develop new materials.
Here, we present an unconventional composite material, especially designed to combine mechanical robustness, simple fabrication, low energy consumption and unprecedented sensitivity (see Fig. 1a ). We use solid foams to enhance the response to mechanical pressure. To the best of our knowledge, this concept is new and differs from the pyramidal microstructures used in refs. [7] [8] [9] [10] In compression, solid foams show linear elasticity at low stresses followed by a long collapse plateau truncated by a regime of densification in which the stress rises steeply. 11 The plateau is associated to elastic buckling in elastomeric foams. The stress value of the plateau might be tuned by decreasing the Young's modulus of the polymer or by increasing the amount of air in the foam. On this plateau, a slight variation of pressure induces a large variation of deformation. In the following, we take advantage of this feature. We design solid foams whose plateau stress value corresponds to the range of pressure we plan to measure. We use electrostrictive materials to convert the strain deformation into a huge variation of capacitance. For this purpose, we prepare a PDMS porous materials of closed porosity by using an emulsion road. The surface of the closed pores is covered with carbon black (CB) conductive particles. These particles increase the dielectric constant of the composites by enhancing the interfacial polarization (Maxwell-Wagner effect) with the creation of local microcapacitor. As the micropores and, thus, the micro-capacitors significantly deform upon compression, we achieve a large change of the permittivity associated to large changes in capacitance. The materials are prepared with the highest concentration of carbon black particles and with the highest amount of dispersed phase in order to reach the best performances in terms of sensitivity. However, the large increase of electrostriction is also accompanied by an increase of conductivity, which is detrimental for energy consumption. To circumvent this weakness, a thin insulating layer is placed at the bottom of the composite. The thickness of this layer is chosen in order to keep a high effective capacitance of the bilayer structure. With these bilayer composites, we demonstrate the large fabrication of flexible capacitive pressure sensors with a high sensitivity ( >35 kPa -1 ) without use of any electronic amplification. The sensitivity is at least 70 times greater than previously reported values. Moreover, our sensor consumes <220 pW/cm². It involves capacitance values higher than 100 pF, i.e., easily measurable with low-cost electronics. We show the performances of these bilayer materials by continuously recording arterial pulse waves in a noninvasive and nonintrusive way.
RESULTS
We fabricate the CB/PDMS piezo-capacitive layer using a water-inoil (W/O) emulsion method. The emulsion consists of an aqueous solution of carbon black droplets dispersed in a matrix of PDMS and a curing agent. The oil phase is prepared by mixing PDMS (RTV615 Momentive), the curing agent (RTV615 Momentive, 10% in weight with respect to the PDMS phase), and the surfactant lauryl PEG-8 dimethicone (Silube J208-812, Siltech, 5.0 wt% of the final mixture). Note that the choice of these compound is fundamental if one wants to obtain a low Young modulus. The water phase is prepared by mixing 5 g of Arabic gum (Sigma Aldrich) and 95 g of deionized water. The desired concentration of carbon black powder (Alfa Aesar) is added and the mixture is tip sonicated for 1 h at 400 W to homogeneously disperse the carbon black particles. The emulsion is prepared by progressively adding the carbon black solution to the oil-phase under manual stirring. The water-in-oil emulsion loaded with carbon black particles is spread with a stencil that has a depth of 900 μm on a plastic surface with a diameter of 24 mm. A second plastic surface is placed on the spread emulsion such that the emulsion remains confined between two flat surfaces. Solid materials are obtained by curing the PDMS polymer without evaporation in a warm water bowl (90°C) for 4 h. The relative humidity in these conditions is 100%. Then, the solid material layer is removed from the two plastic surfaces and dried in an oven for 1 h at 150°C. As PDMS is permeable to water vapor, droplets from carbon black solution dried and leave a structure with spherical pores covered by carbon black particles as previously described in ref. 12 (see Materials and methods). After water removal and PDMS cross-linking, this procedure leads to porous PDMS with a low Young's modulus compared to bulk PDMS.
We systematically vary the concentrations of carbon black, dispersed-phase concentration, and insulating film thickness in order to obtain a suitable material for a pressure sensor (see Fig.  S1 , Supporting information). First, we measure the dielectric properties at 1 kHz as a function of the carbon black concentration. We determine the optimal concentration to combine a high dielectric constant and a low conductivity. A frequency of 1 kHz is chosen in order to correctly sample a cardiac pulse signal (see Fig. 4c ). As promising materials for pressure sensing, we select samples whose relative dielectric constant is above 30 and whose loss tangent is <0.2.
Second, the porosity is varied by changing the dispersed fraction of the emulsions. The cross-linking agent that we use (Momentive RTV615) allows to make stable emulsions up to a dispersed-phase fraction of 80 wt%. This large volume fraction allows a very low Young's modulus (below 0.15 MPa). Related materials with lower volume fractions of carbon suspensions were found to be much stiffer. 12 Hence, the optimal dispersed-phase fraction is 80 wt%.
Since the conductivity of the majority of the samples remains high, we add an insulating dielectric layer to reduce the conductivity of the all device. The optimal thickness of 2.5 μm has been obtained using a simple modeling of resistance in series (see Fig. S2 , Supporting information). A thin plastic film of polyethylene terephthalate (PET, thickness of 2.5 μm) is directly stacked on the solid CB/PDMS composite by using a surface plasma treatment for 3 min and by applying a pressure at 90°C between the two pieces (see Materials and methods).
For the pressure sensor applications, three composites are studied with 0, 3, and 10 wt% of CB, respectively, regarding the PDMS (thickness 1.2 mm) from W/O emulsions concentrated at 80 wt%. Above 10 wt% of CB, a poor homogenization of the carbon particles was observed. This is commented in supporting information (see Note S1, Supporting information).
The thickness of the samples is set by the distance between the two plastic surfaces used during the material preparation. Figure 1b shows the internal structure of a 10 wt% CB composite where the porosity is clearly visible. The high flexibility and the fabrication on large scale of the composite are illustrated in Fig. 1c in which we show the material submitted to stretch and twist.
We operate the bilayer materials (CB/PDMS + PET) in a capacitor configuration (Fig. 2a) while applying linear loading-unloading cycles (see Materials and methods). We load the sample between two electrodes and we record the normal force, the displacement, the capacitance C, and the resistance R. The displacement d corresponds to the gap between the top and the bottom electrode. The zero position i.e., d = 0 mm corresponds to the contact between the two electrodes in absence of sample. The zero stress corresponds to the first d point i.e., d = 1.3 mm see Fig. 2b . We defined the pressure as the normal force divided by the area at the start of the experiment (A 0 ), this is the engineering stress (≠ true stress, i.e., the change of area upon compression is neglected).
We first study the mechanical behavior of a porous 10 wt% CB composite with a PET layer. From the SEM pictures, we measure the material thickness e to be 1210 μm and estimate its roughness to 40 μm (typically three emulsion droplets diameters).
In semi-log scale, the resistance as a function of the distance displays three different slopes. These regimes are evidenced in Fig.  2b and are denoted by I, II, and III.
In regime I, we measure a very high resistance. This regime corresponds to the regime contact. At d = 1.3 mm, the electrodes brush the material. At d = d 0 , the contact between the material and the electrodes is perfectly established. Regime I corresponds to a thickness of 80 μm. On both faces of the material, the asperities are measured to be 40 μm, which is in agreement with the measured size of regime I. In this regime, the material can be viewed as a mixture of air and foam. The conductivity of the layer located between 0 and d 0 is equal to 1.33 × 10 −10 S/m, which is much higher than air in the laboratory conditions (4 × 10 −12 S/m) and much less than uncompressed material 10 −9 S/m. This last value is computed assuming a resistance of 4 × 10 9 Ω for a thickness of 1.2 mm and an area of 3 × 10 −4 m 2 . In regime II, the resistance varies exponentially with the displacement. The decrease of R is, thus, much greater than that expected from simple geometrical deformation (i.e., linear variation). This suggests that the structure of the materials evolves strongly as a function of the compression. Regime III corresponds to the stiffening of the materials and to the closure of some pores. Figure 2c shows the compressive stress-strain curves for a porous PDMS/10% CB material. The strain is defined as S ¼ d0Àd d0 . We evidence two mechanical behaviors: a slowly increase in stress from 0 to 0.2 kPa when the strain increases from 0 to 0.47 (regime II) followed by a faster increase in stress above a strain of 0.47 (regime III). Regime II is associated to a deformation of the pores by elastic buckling followed by a closing of the pores in regime III. 11 The closing of the pores is reflected by a decrease in the slope of the resistance. When the CB pores are almost totally closed, a further strain compresses the PDMS itself resulting into a Young's modulus of 0.15 MPa. The Young's modulus is defined here as the local slope of stress-strain curve. Stress-strain curves have been measured for different loading-unloading consecutive cycles and showed very low hysteresis after 100 cycles (Fig. S3, Supporting  information) . Figure 3a shows the capacitance for three materials (0, 3, 10 wt% CB) with a diameter of 20 mm and a thickness of 1.2 mm depending on the applied pressure. We find that increasing the carbon concentration leads to a clear enhancement of the capacitance: Under 1 kPa, the material without carbon has only a capacitance of 20 pF, whereas the 3 wt% CB material displays a capacitance of 100 pF. Moreover, the 10 wt% CB material has a capacitance of 170 pF under equal pressure, i.e., 70% higher than that of the 3 wt% CB material (see Fig. S9 , Supporting information, for the frequency dependence of the capacitance). These large values of capacitance allow electronic signals to be easily measured and make the use of an electrical amplifier such as an OFET superfluous. In classical conditions, a large concentration of carbon black would lead to high electrical conductivity. 12 However, a resistance of 10 MΩ at 1 kPa is measured for the 10 wt% CB (see Fig. S4 , Supporting information), which leads to a power consumption of about 100 nW for a bias of 1 V (see Fig. S5 , Supporting information). To compare, a conventional silicon piezoresistive pressure transducer has a typical consumption of several mW through resistive Joule's heating. 13 Next, we study the cyclability of the porous bilayer materials. The performance of the 10 wt% CB material over consecutive loading-unloading cycles is shown in Fig. 3b . The consecutive cycles demonstrate little changes in the pressure-response curves. The inset shows that the sensitivity remains quasi-constant over the consecutive cycles (see Fig. S6 , Supporting information for 1000 cycles). The bilayer material exhibits no hysteresis. Figure 3c exhibits the different sensitivities of the 10 wt% CB bilayer material depending on the pressure ranges. The maximum slope of the relative capacitive change is measured in the 0-0.2 kPa range with a value of 35.1 kPa −1 , corresponding to the pore-closing regime (regime II). Then values of 6.6 kPa −1 and 3.5 kPa −1 are, respectively, measured in the 0.2-1.5 kPa, and 1.5-0 kPa range, corresponding to the bulk regime (regime III). Until now, the best reported sensitivity with no amplification and a microstructured PDMS film has been reported by Mannsfeld et al. (0.55 kPa −1 ). 7 The present porous bilayer material display a much greater sensitivity. Moreover, the performances of our material are higher than the best sensitivity achieved with amplification (8.2 kPa −1 ), reached by Schwartz et al. 14 with an OFET configuration and a pyramid microstructuration. These performances are accompanied by a signal to noise ratio (SNR) of 4 × 10 5 for a pressure as low as 8.8 Pa (see Fig. S7 , Supporting information). This is an additional advantage above the high sensitivity, which will make the final sensor conditioning easier. Also we can conclude that the limit of detection is below 8.8 Pa. We cannot determine the exact limit because it is limited in our experiments by the force sensor resolution (see Note S2, Supporting information).
Beyond the high sensitivities to pressure, our material shows also high capacitive gauge factor in its bulk regime (regime III). Figure 3d shows the capacitance variation as a function of the strain for a mechanical compression. We remind that the gauge factor can be defined as the slope of the capacitance variation vs strain curves. The sensor device shows reliable and linear performance over thousands of cycles at up to 10% strain, and the highest reported gauge factor for a device of this class: 31.7.
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The theoretical value of gauge factor for incompressible materials due to geometrical change and assuming a constant dielectric constant is 1 (refs. 15, 16 ). As our materials have shown excellent electrostrictive properties (permittivity variation under compression), we succeed in increasing the gauge factor by a factor 30. Fig. 2 a Schematic representation of the experimental set-up for sensitivity measurements. The bilayer material is placed between the two stainless electrodes, the bottom electrode is at rest while the top electrode can be moved. Rheometer is used as mechanized z-axis stage and force gauge. Dielectric properties are measured using an LCR-meter at 1 kHz and a bias of 1 V. b Evolution of the stress and the electrical resistance R as function of the displacement, 10 wt% CB bilayer material. c Stress-strain curve after 100 cycles, 10 wt% CB bilayer material. Pressure ranges are highlighted by blue increments: blue II (0-0.2 kPa), blue III (0.2-20 kPa)
Additionally, we tried to estimate the response of time of the material to pressure variations by loaded/unloaded it (13.2 Pa or 9 Pa) with a piezoelectric actuator (0.1 Hz square signal). This time is below the time resolution of our LCR-meter (80 ms) (see Fig. S8 , Supporting information)
In the medical field, the arterial pulse wave is a key indicator as it is intimately related to the physical properties of the cardiovascular system. To illustrate the capabilities of the highly sensitive present pressure sensor, we place the sensor over the radial artery of the wrist to measure pulse waves. This is a standard test. 14, 17 The sensitive material was sandwiched between two compliant electrodes by depositing conductive flexible carbon tape on the top and the bottom of the materials surfaces as illustrated in Fig. 4a . The system electrode-material-electrode is deposited on a copper tape, used as a substrate. The device, connected by electric wires, is simply deposited on the wrist and fixed with non-conductive tape (Fig. 4b) . It is worth mentioning that contrary to usual techniques no compressive cuff is required. This advantage makes our device suited for non-invasive and continuous blood-pressure monitoring. As low-pressure capacitive sensors do not require cuff, but just to be left on the wrist, a conversion of the capacitive signal (pulse wave) into a pressure value has to be operated. The use of machine learning algorithms is the current approach to get cuffless bloodpressure estimation from a pulse wave with enough accuracy. Progress in this direction has been recently reported. 18 We believe that combined with our sensitive materials the use of these Fig. 4 a Schematic illustration of the capacitive pressure sensor. b The pressure sensor attached to the wrist of a person. c Real-time and insitu capacitive signal of the artery wrist pulse recorded at 1 kHz under application of 1 V using an LCR-meter (see Note S3 Supporting Information for voltage choice). The recorded wave signal corresponds to the typical human waveform Fig. 3 a Capacitances as a function of the applied pressure for three bilayer materials: 0% CB (stars); 3% CB (circles); 10% CB (squares). b Pressure-response curves for successive loading-unloading cycles of the 10 wt% CB material: 1st cycle (circles), 10th cycle (square), and 100th cycle (stars). Inset: sensitivity S for the three different pressure ranges as a function of cycle number. c Sensitivity measurements S after 100 cycles for three different pressure ranges (10 wt% CB). d Capacitance variations as function of the strain in the bulk domain (Zone III) for successive loading-unloading cycles (red triangles for one cycle, green triangles for ten cycles, and blue triangles for 100 cycles) algorithms could lead to cuffless devices to monitor the bloodpressure which would useful both from the clinical and practical perspectives. The fast response time of the sensor provides high resolution, which aims at getting the detailed clinical information from wrist pulse wave. For healthy humans, the systolic pressure (maximum during one heart beat) is 90-120 mm Hg 19 (10.5-16 kPa) and the diastolic pressure (minimum in between two heart beats) is 60-79 mm Hg 19 (8-10.5 kPa). The arterial pressure range of healthy people is 8-16 kPa. However, as a skin layer remains above the radial artery, the accessible pressure on the skin surface is much lower. Figure 4c shows three wave pulses of a healthy young man recorded by the pressure sensor. The waveform is regular and repeatable at 75 beats per minute. For measuring the bloodpressure, a calibration between the measured capacitance and the pressure needs to be precisely established. The recorded signal shows that blood-pressure is fully measurable and the typical waveform (systolic and diastolic peaks) of the arterial pulse is clearly and accurately defined.
DISCUSSION
In conclusion, we developed a supersensitive capacitive pressure sensor by combining porous CB/PDMS composites with a thin PET isolating layer. The association of a porous material filled with conductive particles addresses the mechanical (low Young's modulus) and dielectric requirements (high-κ) for developing flexible dielectric layers. The material shows unprecedented properties affording sensitivities of 35.1 kPa −1 in the 0-0.2 kPa pressure range and 6.6 kPa −1 in the 0.2-1.5 kPa range. These performances are one order of magnitude higher than those recently reported (Fig. 5a ). The high capacitance ( >100 pF) are easy to measure with low-cost electronics. Until now, capacitive pressure sensors based on rubber were mostly obtained using very delicate patterning process (pyramid-structured PDMS). Moreover, they achieved high sensitivities by operating them with thin-film transistors (OFET) for signal amplification. A bias of only 1 V has been used to record our capacitive responses. The comparison of sensitivities over the used bias (Fig. 5b) places our sensors well-above the previous reported works. Furthermore, our sensor performs stable pressure-capacitance changes and sensitivities after hundreds of cycles. The sensor has been successfully employed to assess the pulse frequency and to measure systolic and diastolic peaks of an arterial pulse wave. This provides a solution to the dilemma of combining non-invasive and continuous blood-pressure monitoring. This bilayer material also offers opportunities to make highly sensitive and wearable capacitive sensors in other fields at low-cost and low-power consumption electronic systems. Indeed, although the pressure threshold of a human finger is about 10 kPa, 20 the high-pressure sensitivity of our material could pave the way of artificial skin rivaling with human skin. In this context, robotic palpation from soft tissue organs is an important field of research. 21 For example, the detection of embedded nodules in soft tissues requires highly sensitive sensors as the variation of stiffness is below 0.1 kPa for very small nodules (mm). 22 
METHODS

Material synthesis
The emulsion consists of droplets of an aqueous dispersion of carbon black particles suspended in a matrix of PDMS and a curing agent. The oil-phase is prepared by mixing PDMS (RTV615 Momentive), the curing agent (RTV615 Momentive, 10% in weight with respect to the PDMS phase), and the surfactant lauryl PEG-8 dimethicone (Silube J208-812, Siltech, 5.0 wt% of the final mixture). The water phase is prepared by mixing 5 g of Arabic gum (Sigma Aldrich) and 95 g of deionized water. The desired amount of carbon black powder (Alfa Aesar) is added and the mixture is tip sonicated for 1 h at 400 W to homogeneously disperse the carbon black (CB) particles. The emulsion is prepared by progressively adding the carbon black solution to the oil phase under manual stirring up to a mass ratio water:oil of 80 %wt. The water-in-oil emulsion loaded with carbon black particles is spread with a stencil that has a depth of 1.2 mm on a plastic surface with a diameter of 24 mm. A second plastic surface is placed on the spread emulsion such that the emulsion remains confined between two flat surfaces. Solid materials are obtained by curing the PDMS polymer without evaporation in a warm water bowl (90°C) for 4 h. The relative humidity in these conditions is 100%. Then, the solid material layer is removed from the two plastic surfaces and dried in an oven for 1 h at 150°C. As PDMS is permeable to water vapor, droplets from carbon black solution dried and leave a structure with spherical-shaped pores covered by carbon black particles.
Insulating layer deposition
A PET film (2.5 μm, Radiospare) is stacked on the solid CB/PDMS composites by using a surface plasma treatment (Plasma Diener Pico). Both surfaces are treated for 3 min. This method aims at making sticky, the thin plastic film, on PDMS composites. Then the two elements are stuck together for 15 min by applying a pressure at 90°C in an oven.
Material characterization
The sensitivity to compression tests of the bilayer composites are measured using the experimental configuration depicted in Fig. 2a . To apply a well-controlled load, a rheometer is used as mechanized z-axis stage and force gauge. A top electrode (stainless steel) is connected to the z-axis stage while the bottom electrode is fixed. A Discovery HR-2 (TA Instruments) applies linear loading-unloading cycles to the sensing materials. At the same time the dielectric properties are measured at 1 kHz with a bias of 1 V using an LCR-meter (Agilent). To do so, the material is tested into a four measurement ports circuit (Lcur, Lpot, Hcur and Hpot, see Fig. 2a ). An AC voltage is first supplying out of the high-current terminal (Hcur). Then, the current through the tested material is measured Fig. 5 a Comparison of the sensitivity of capacitive pressure sensors as a function of pressure. The plot includes the values reported from refs. 7, 10, 14, 17, 23, 24 and from this work. b Sensitivity over the used bias for the same systems as in a by the low current terminal (Lcur), and the voltage across the tested material is measured by the high-and low-potential terminals (Hpot and Lpot). The internal correction functions (cable length correction, open and short corrections) of the LCR-meter are used to correct errors due to the test fixture and the test leads.
To perform the open correction, BNC and wires are connected to the electrodes and LCR-meter. A 5 mm air gap is maintained between the electrodes. The short-circuit correction is made by shorting the two electrodes. The force, the displacement, the capacitance and the resistance are recorded through an interfaced computer. The size of the pressure-sensitive material is 3.1 cm².
Pressure sensor fabrication
To fabricate the pressure sensor, the sensitive material was completed by two flexible electrodes by depositing conductive flexible carbon tape (Neyco) on the top and the bottom of the materials surfaces. The system electrode-material-electrode is deposited on a copper tape (Radiospare), used as a substrate. The device, completed by wires, is simply deposited on the wrist and fixed with non-conductive tape.
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